Abstract 4-(Substituted benzylsulfanyl)pyridine-2-carboxamides 6 were synthesized by a three-step synthesis starting from 4-chloropyridine-2-carboxylic acid and substituted benzyl thiols, with the exception of nitroderivatives. The compounds were evaluated for their anti-TB activity against M. tuberculosis, non-tuberculous mycobacteria (M. kansasii and M. avium), and MDR strains of M. tuberculosis. The activities expressed as the minimum inhibitory concentration (MIC) fall into the range of 8-250 µmol/L. The substances exhibited similar activities against both sensitive and resistant strains.
Introduction
Tuberculosis (TB), caused by Mycobacterium tuberculosis, continues to be a major threat to global public health, killing more than 1.8 million people in 2009. It has been estimated that in addition nearly 1 billion more people will be infected with TB in the next 20 years. The incidence rate of TB reached a peak worldwide in 2005; however, the total number of new cases continues to slowly rise due to population growth. 1 The control of TB is seriously threatened due to explosive spread of the HIV epidemic, along with the increasing emergence of multidrug-resistant tuberculosis (MDR-TB) and extensively drug-resistant tuberculosis (XDR-TB). The increased incidence of MDR-TB and XDR-TB shows the need for further research. 2 As a result of our anti-TB project, several papers have been published in which both synthesis and biological activity assessments have been described for a large number of 2-and 4-alkylsulfanyl derivatives of substituted pyridines (Figure 1 ) 3, 4, 5, 6 . For this project we have synthesized a set of 4-(substituted benzylsulfanyl)pyridine-2-carboxamides with the goal of finding further conclusions in structure-activity relationships in the group of 4-(benzylsulfanyl)-2-substituted pyridine derivatives. The prepared compounds were evaluated against Mycobacterium tuberculosis, non-tuberculous mycobacteria -M. avium and M. kansasii, as well as against four multi-drug resistant strains of M. tuberculosis.
Results and Discussion

Chemistry
The initial pyridine derivative for the synthesis of the desired sulfides 6 was selected on the basis of molecular modeling. We computed 3D models of the 4-chloropyridine-2-carboxamide and the 4-chloropyridine-2-carboxylate anion ( Figure 2 ). The higher location of the LUMO orbital on the position 4 on pyridine ring enabled us to predict a carboxylate anion as a suitable reactant for the nucleophilic substitution. Thus, we used 4-chloropyridine-2-carboxylic acid 1 in alkaline conditions for the coupling with substituted benzyl thiols 2. The initial 4-chloropyridine-2-carboxylic acid 1 was prepared according to the literature 7 , the benzyl thiols 2 being prepared by heating appropriate benzyl halides with thiourea in ethanol, and the resulting S-alkylisothiouronium salts hydrolyzed by a sodium hydroxide solution. First, the reaction of 1 with unsubstituted benzyl thiol 2a was studied. Nucleophilic substitution was carried out under the various conditions, the reaction conditions and yields given in Table 1 . Namely, reaction in DMF and basic medium (CH 3 ONa) had not given the appropriate product 3a in good yield after 2 days. Practically the same result occurred when the reaction was carried out in DMF with K 2 CO 3 , using a copper catalyst. Recently, Takahiro and Toshiaki  8 reported an efficient Pd-catalyzed carbon-sulfur bond formation reaction for aryl thiols with aryl halides using Pd 2 (dba) 3 and a phosphine ligand (Xantphos). Under these conditions, the reaction of 1 with unsubstituted benzyl thiol 2a carried out in dioxane and i-Pr 2 NEt gave the compound 3a in good yield. In this way the set of desired compounds 3 were prepared by this reaction. The process required 9 to 12 h, depending on the thiol, and furnished products 3 in 32 to 68% yields (Scheme 1). 
This procedure failed for the derivatives with the nitro group on the benzyl moiety. Nitro derivatives 3n and 3o were prepared by hydrolysis in 60% sulfuric acid of earlier prepared sulfide-nitriles 4. Sulfides 4 were obtained by reacting 2-cyanopyridine-4-isothiouronium chloride with the nitrobenzyl chlorides in DMF and CH 3 The key intermediates 3 were further converted to sulfide-esters 5 by a reaction with SOCl 2 in ethanol. The subsequent amonolysis of 5 with ammonia gas at ambient temperature for 10-15 h afforded the desired set of compounds 6 (Scheme 3). 
Biological activity
The compounds 6 were screened for their in vitro antimycobacterial activity against M. tuberculosis and non-tuberculous mycobacteria -M. kansasii and M. avium. The minimum inhibitory concentrations (MICs) given in µmol/L are summarized in Table 3 . In several cases (denoted >), the MIC could not be determined due to the limited solubility of the compounds in the test medium. As a reference, isoniazid (INH) was included in the assay. . In contrast to INH, the compounds were similarly active against both M. kansasii strains. The advantage of the prepared compounds is their activity against M. avium. This strain exhibits an extreme resistance to all current antimycobacterial drugs. The obtained MIC values of compounds 6 indicate that substitution in the benzyl moiety with various electron-accepting or electron-donating substituents does not affect the antimycobacterial activity. The same conclusion was obtained for the previously synthesized 4-(substituted benzylsulfanyl)pyridine-2-carbohydrazide. 6 But, the antimycobacterial activity is strongly connected with the substituents on the pyridine moiety. In our previous paper we described the antimycobacterial activity of 4-(substituted benzylsulfanyl)pyridine- The selected compounds 6 were further evaluated against four multidrug-resistant strains of M. tuberculosis isolated from TB patients. These results are summarized in Table 4 . The evaluated compounds exhibit antimycobacterial activity on both drug-susceptible and drugresistant M. tuberculosis strains. The activities are nearly the same against all tested strains. The comparable susceptibility of multi-drug resistant and sensitive strains of M. tuberculosis indicates that there is no cross resistance with current antituberculous drugs, thus the target of prepared compounds might be new. Several compounds were assayed against cell lines HUVEC and K-562 for their antiproliferative effects (GI 50 : concentration which inhibited cell proliferation by 50 % compared to control), and against HeLa cells for their cytotoxic effects (CC 50 : a cytotoxic concentration which contains a specific destructive action by 50 % compared to the control; used particularly in referring to the lysis of cells). The cells were incubated with 10 concentrations of the tested compounds. The compounds 6 have low to moderate antiproliferative and cytotoxic activity (Table 5 ). 
QSAR study
For the purpose of this study the MIC values of compounds 6 in µmol/L (Table 3) were expressed as log (1/MIC) = -log MIC. When the MIC value is marked with >, i.e. when the MIC could not be determined exactly, double the MIC value was used. The parameters taken into consideration (log P, Hammet constant σ, and energy of HOMO, LUMO orbitals) are summarized in Table 6 . First, we sought relationships between MIC values and lipophilicity. In the whole set of carboxamides 6, lipophilic parameter ∆log P showed poor correlations with the antimycobacterial activities. The analysis through Jackknife residuals of the dependencies indicated the MIC values for two compounds, 6n (4-NO 2 ) and 6o (3,5-diNO 2 ) as outliers. After the outliers have been removed, statistically significant relationships were obtained. As the relationships for different incubation times are similar, only those after 14 days of incubation are presented.
- 
Conclusions
4-(Substituted benzylsulfanyl)pyridine-2-carboxamides 6 were synthesized by a three-step synthesis starting from 4-chloropyridine-2-carboxylic acid and substituted benzyl thiols using Pd-catalyzed cross-coupling reaction carried out in dioxane, i-Pr 2 NEt, and Xantphos. The key intermediate sulfide-carboxylic acids 3 were converted to sulfide-esters 5 by a reaction with SOCl 2 in ethanol. The subsequent amonolysis of 5 with ammonia gas at ambient temperature afforded the desired compounds 6. Nitroderivatives were prepared from 2-cyanopyridine-4-isothiouronium chloride and the nitrobenzyl chlorides in DMF and CH 3 Compounds 3 and 5 were obtained and characterized in our previous studies 6 ; compounds 4 are described in our paper 4 .
General procedures for preparation of amides 6
A two-neck, round-bottom flask equipped with a drying tube and a feeding tube was charged with a corresponding ester 5 (1.3 mmol) and 3-4 ml absolute ethanol. Dry ammonia gas was passed into the reaction solution at ambient temperature for 10-15 h. The reaction was monitored by TLC (Merck TLC plates silica gel 60 F254, aluminum back) in chloroform -methanoltriethylamine 9:1:1.25. The plates were visualized using UV light. Subsequently, the mixture was left overnight in the refrigerator. The precipitated solid was filtered off and washed with water. The crude product was purified by crystallization with ethanol. 
4-(Benzylsulfanyl)pyridine-2-carboxamide (6a
Antiproliferative and cytotoxic assay
The target compounds were assayed against cell lines K-562 and HUVEC for their antiproliferative effects and against HeLa for their cytotoxic effects. The cells were incubated with ten concentrations of the test compounds 10 .
Suspension cultures of K-562 in micro plates were analyzed by an electronic cell analyzer system CASY 1 (SCHÄRFE, Reutlingen, Germany) using an aperture of 150 µm. The software for data evaluation CASYSTAT (SCHÄRFE) offers fast graphical evaluation of the measurement parameters, e.g. as diagrams of cell diameter distributions, overlays of different curves, and cell volume distributions. The 0.2 mL content of each well in the micro plate was diluted 1:50 with CASYTON (NaCl: 7.93 g/L; Na 2 EDTA: 0.38 g/L; KCl: 0.4 g/L; NaH 2 PO 4 monohydrate: 0.22 g/L; NaH 2 PO 4 dihydrate: 2.45 g/L; NaF: 0.3 g/L; SCHÄRFE). Every count/mL was automatically calculated from the arithmetic mean of three successive counts of 0.4 mL each. From the dose response curves the Gl50 values (concentration which inhibited cell growth by 50 %) were calculated with CASYSTAT. The Gl50 value was defined as being where the concentration-response curve intersected the 50 % line, determined by means of the cell counts/mL, compared to control. The monolayers of the adherent HUVEC and HeLa cells were fixed by glutaraldehyde and stained with a 0.05% solution of methylene blue for 15 min. After gently washing, the stain was eluted by 0.2 mL of 0.33M HCl in the wells. The optical densities were measured at 630 nm in a DYNATECH MR 7000 micro plate reader. Comparisons of the different values were performed with Microsoft Excel.
Molecular modeling and QSAR study
Quantum-chemical calculations were performed using the program Gaussian 03W, version 6.1, revision-E.01 (Gaussian, Inc.). The geometry of the molecules was optimized using the B3LYP/6-311+G(d,p) method. Possible starting conformations for the optimizations at the DFT level were found by the conformational search module of the software HyperChem 8.0.8 (HyperCube, Inc.) on RM1 level. This method involves a random variation of dihedral angles to generate new structures and then minimizing the energy of each of these angles. Final models were visualized using the software GaussView, v. 4.1.2; (Gaussian, Inc.). The octanol-water partition coefficients, expressed as log P values, were calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02. The log P values were transformed to the increments ∆log P by the subtraction of the value corresponding to the unsubstituted derivative. Regression analyses were run on a PC computer using the Microsoft Excel program. In the equations, the figures in the parentheses are the standard errors of the regression coefficients, n being the number of compounds, r the correlation coefficient, and s the standard error of estimate. All equations are statistically significant at the 1% level of probability.
